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Understanding and controlling plasmon resonances from metallic nanoscale structures have been the
focus of much attention recently, with applications including local surface plasmon resonance
sensing, surface enhanced Raman spectroscopy, and negative refractive index materials. In this letter
the authors demonstrate the fabrication of uniform arrays of split rings from gold and show that such
structures are capable of supporting multiple plasmon resonances. The authors show that up to five
plasmon resonances can be identified and use finite difference time domain modeling and absorption
spectroscopy to fully characterize and identify each resonance. The implications of higher order
surface plasmon resonances for sensing are discussed. © 2007 American Institute of Physics.
DOI: 10.1063/1.2719161
Metallic structures with features smaller than the wave-
length of light demonstrate fascinating optical properties
which are highly dependent on the particle material, size, and
shape.1,2 These include highly localized electric fields which
are utilized in sensing applications such as surface enhanced
Raman spectroscopy3,4 SERS and local surface plasmon
resonance sensing5,6 and as potential building blocks for the
fabrication of materials with negative refractive index.7,8
In order to fully exploit the properties of these structures,
a thorough understanding of their optical properties is
needed. Understanding multiple plasmon resonances is im-
portant from a fundamental perspective but may also provide
exciting ways of exploiting the optical properties of these
structures.
The existence of more than one resonance, normally as-
signed to dipole and quadrupole resonances, has been ob-
served for a range of different structures. However, multiple
higher order resonances are often difficult to detect as imper-
fections in the array lead to inhomogeneous broadening and
damping of the resonance. Payne et al. recently showed that
high purity rod structures were necessary to observe multiple
resonances in colloidal gold nanorods.9 For this reason the
presence of multiple resonances may also lead to a spectro-
scopic fingerprint that can be used to assess the quality of the
nanostructures.
In this letter we show the presence of multiple reso-
nances in split-ring structures. Rings and split rings are
promising structures for sensing applications as they act as
optical antennas producing high localized electric fields.10,11
Recent theoretical work has demonstrated that split-ring
resonators made with square rather than circular rings can
theoretically support multiple plasmon resonances if very
good uniformity is achieved.8 We have fabricated the struc-
tures using electron-beam lithography and metal lift-off since
it allows fine control of the size, shape, and particle spacing
with minimal inhomogeneity in large arrays. We show that
multiple resonances are observed from these structures
through polarization dependant absorption spectroscopy and
use finite difference time domain modeling to further char-
acterize the resonances.
We present a detailed analysis of the resonances associ-
ated with two different arrays of split-ring structures. Split
rings rather than complete rings were used in this work as the
gap in the ring leads to polarization anisotropy, allowing both
odd and even modes to be excited. Dimensions were chosen
to demonstrate resonances in the visible and near-infrared
regions. Arrays with an area of 1 mm2 were fabricated on
Pyrex glass slides with dimensions as follows: Array A con-
sists of 135 nm radius rings with a 100 nm gap, wall thick-
ness of 50 nm, and ring density of 5.71012 m−2. Array B
consisted of 215 nm radius rings with a 130 nm gap and
70 nm wall with a ring density of 41012 m−2. In both cases
the thickness of gold was 25 nm with a 5 nm titanium adhe-
sion layer. Ring densities were chosen to be large enough
to achieve good signal to noise ratios in the absorption
measurements, but small enough to avoid strong near-field
coupling between evanescent fields. A finite difference time
domain modeling package allowed us to identify the reso-
nances. Absorption measurements were carried out in a dual
beam Shimadzu absorption spectrometer. A polarizer in the
sample arm was used to control the polarization of the light
incident on the nanostructured substrate, as shown in the
inset in Fig. 3.
The inset in Fig. 1a shows a scanning electron micro-
graph image of the 135 nm radius nanostructured substrate.
Very good uniformity across the 1 mm2 device area was
achieved with the ring radius varying by ±5 nm and wall
width by ±5 nm across the device. Figure 1 shows the ex-
tinction cross section the measured absorption normalized
by the two-dimensional ring density for an electric field
polarized both parallel and perpendicular to the gap in the
ring for array A Figs. 1a and 1b and array B Figs. 1c
and 1d. A number of different resonances are observed,
indicated by the numbered arrows in the diagram. For the
split rings in array A, we observe one main resonance at
1180 nm for the electric field polarized perpendicular to the
gap and two more resonances at 2400 and 900 nm for the
electric field polarized parallel to the gap. In addition, in Fig.
1a, small peak at 490 nm can be identified.
For array B Figs. 1c and 1d many different reso-
nances can be observed. A strong broad resonance at
1770 nm is seen for an electric field polarized perpendicular
to the gap, and further three resonances at 1100, 850, and
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FIG. 2. Color online Normalized
electric field patterns for 215 nm rings
corresponding to the peaks labeled in
Figs. 1c and 1d.
FIG. 1. Color online Extinction
spectra for a and b 135 nm radius
rings and c and d 215 nm rings
for electric field polarized perpendicu-
lar and parallel to the gap as indicated.
Peaks corresponding to plasmon reso-
nances are labeled with arrows. The
inset shows an electron micrograph of
the 135 nm radius rings.
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570 nm can be observed. For the electric field polarized par-
allel to the gap, the most prominent resonance is centered at
1300 nm. There is also an indication that a further resonance
exists at longer wavelengths, but due to the strong absorption
of the glass above 2500 nm, this could not be measured.
Three more resonances have been identified at 900, 850, and
570 nm. As expected the resonances from the larger rings are
at longer wavelengths compared to those of the smaller
rings.
The electric field distributions corresponding to the first
five resonance peaks observed for array B are shown in Fig.
2. The theoretical extinction spectra not shown show good
agreement of both peak position and peak width with the
experimentally observed curves.12
The mode order can be determined as 1 less than the
number of nodes in the electric field pattern; thus, the first
resonance, with two distinct nodes, is the n=1 plasmon reso-
nance. Although it was not possible to measure the n=1
mode experimentally, modeling of this resonances showed
the peak to be at 3600 nm. The electric field distributions for
the second and third resonances clearly show three and four
nodes as expected. However, the fourth resonance which, as
can be seen from Fig. 1, is at 1100 nm is dominated by the
tail of the n=2 resonance. The n=5 resonance, which corre-
sponds to the peak at 900 nm, shows six weak nodes. Note
that the odd order modes are excited by light parallel to the
gap in the ring, while even order modes are excited by light
perpendicular to the gap in the ring. The difference in the
resonance frequencies observed for the two different polar-
izations can be explained by the mode number. Figure 3 is a
plot of the mode number as a function of mode frequency
showing the expected linear relationship, with increasing fre-
quency for increasing mode order. Higher order modes,
which have a larger number of nodes, require more power
from the light field to excite them and are therefore expected
to produce resonances at a higher frequency.
A number of other resonances were observed in Fig. 1
for the 215 nm rings. The peak at 780 nm can be assigned to
the Wood anomaly13 and is caused by the first diffraction
order in the glass substrate changing from an evanescent
wave to a propagating one.8 Its frequency is independent of
the geometrical structure, depending only on the refractive
index of the medium and the period of the array. A further
resonance peak at 570 nm is due to a charge density distri-
bution perpendicular to the ring opposite to the gap.8 This
peak is also seen in both polarizations. This is also likely to
be the cause of the small peak at 480 nm in Fig. 1a.
High order surface plasmon modes may provide advan-
tages for sensing applications. Sherry et al. observed two
peaks for disordered arrays of nanocubes and found that the
blueshifted peak showed a stronger response, under certain
conditions, to changes in refractive index than the red peak.5
Although the higher order modes are generally weaker reso-
nances, in the structures investigated in this letter, higher
order resonances also have more uniform E-field distribution
due to the larger number of nodes. This may make the array
particularly useful for SERS measurements. Further investi-
gations into the sensing capabilities of both the fundamental
and higher order modes from these structures are underway.
In conclusion, we have demonstrated that by using
electron-beam lithography, arrays of split rings with good
uniformity can be fabricated. We have shown that arrays of
rings with 215 nm radius support multiple surface plasmon
resonances. Finite difference time domain simulation was
used to model the electric field distributions and to aid iden-
tification of each plasmon resonance. A thorough understand-
ing of the resonances and how they relate to the electric field
distributions will lead to improved sensors.
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FIG. 3. Mode dispersion for 215 nm radius split rings. The inset shows a
schematic diagram of the absorption measurement.
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